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1. 

DCING METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is based on and claims priority of Japanese 
Patent Application (JPA) No. 2010-144223, filed on Jun. 24. 
2010, and No. 2011-091811, filed on Apr. 18, 2011, the entire 
contents of which are incorporated herein by reference. 

FIELD OF THE INVENTION 

The present invention relates to dicing methods. 

BACKGROUND OF THE INVENTION 

A semiconductor wafer having semiconductor devices 
such as ICs and LSIs formed in the surface thereof is sub 
jected to bottom face grinding to have a desired thickness. 
After that, the semiconductor wafer is divided into individual 
semiconductor chips along preliminary dividing lines called 
dicing lines (or streets), and the semiconductor chips are used 
as LEDs, MEMSs, or the like in various kinds of electronic 
apparatuses. 

Examples of dicing methods of dividing semiconductor 
wafers into individual devices (chips) include the following 
methods: 
1) A dicing method by which a semiconductor wafer is cut 
and divided along dicing lines with a cutting blade having 
thickness of approximately 20 to 40 um, for example: 

2) A dicing method using a scribing technique by which a 
diamond wheel having a shape of an abacas bead or a 
diamond blade is put into contact with a semiconductor 
wafer to scratch the surface of the semiconductor wafer 
like glass cutting, and the semiconductor wafer is then 
cleaved with a breaker; 

3) A dicing method using abrasion by which laser energy is 
gathered into an extremely small area on a semiconductor 
wafer in a short period of time by using a laser beam Such 
as YAG laser, so that the solid is sublimed; and 

4) A dicing method by which a pulse laser beam having a 
wavelength that exhibits permeation properties for semi 
conductor wafers is emitted. 
According to the method of 4), the light collecting point is 

set inside a semiconductor wafer, and a pulse laser beam 
having a wavelength that exhibits permeability properties for 
wafers is emitted along dicing lines. Altered layers are formed 
in series in the semiconductor wafer, and an external force is 
then applied along the dicing lines having strength lowered by 
the formation of the altered layers. In this manner, the semi 
conductor wafer is divided into individual chips (Japanese 
Patent No. 3,408,805, for example). 

In the case of a semiconductor wafer having devices such 
as power transistors formed in a Surface thereof, an electrode 
coated with a metal film that is made of gold, silver, titanium, 
or the like, and has a thickness of several millimeters is 
normally formed on the bottom surface of the semiconductor 
wafer. A sapphire substrate used for LEDs also has a metal 
film that is made of gold, aluminum, or the like, and has a 
thickness of several um on a wafer bottom surface thereof. 
The metal film serves as a reflection film to increase lumi 
aCC. 

In a case where a metal film is formed on the bottom surface 
of a wafer as described above, one of the above dicing meth 
ods 1), 2), and 3) is used, for example. Alternatively, after an 
operation is performed according to the method 4), a metal 
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2 
film may be formed on the bottom surface of a semiconductor 
wafer (Japanese Patent Application Laid-Open No. 2009 
200140, for example). 

However, such a metal film has viscosity. Therefore, if a 
semiconductor wafer having a bottom surface coated with a 
metal film is cut by a cutting blade according to the method 1) 
or the like, burrs appear in the outer peripheries of the bottom 
Surfaces of the divided semiconductor chips. Also, metal dust 
adheres to the cutting blade, and causes clogging. As a result, 
the service life of the cutting blade becomes shorter. 

According to the method 2), the diamond wheel having a 
shapelike anabacus bead or the diamond blade is expendable. 
For example, after two sapphire substrates of 2 inches in 
thickness are processed, the diamond wheel or the diamond 
blade becomes worn and needs to be replaced with a new one. 
The machine stoppage period required for the replacement 
leads to a decrease in throughput. Also, the replacement blade 
increases the operation costs, resulting in an increase in prod 
uct price. 

According to the method 3), a laser beam is gathered onto 
a metal Surface, to melt the metal at the light collecting point, 
or turn the metal into a gaseous material or plasma. However, 
molten material or processing dust called debris is generated 
in either way. Therefore, the method is not suitable for semi 
conductor chip manufacture that dislikes processing dust. 

According to the method 4), a pulse laser beam having a 
wavelength with permeation properties is used. However, a 
laser beam cannot permeate a metal film. Therefore, an 
altered layer cannot beformed in the substrate under the metal 
film. To counter this problem, there is a suggested method by 
which the metal film on the bottom surface is removed by 
etching, and dicing is performed by emitting a laser beam to 
the portions from which the metal film has been removed. In 
Such a case, however, an expensive etching device is required, 
and the product price becomes higher accordingly. 
The present invention has been made in view of the above 

circumstances, and the object thereof is to provide a dicing 
method that achieves excellent dicing properties at low costs 
by removing a metal film through a metal processing opera 
tion with a diamond tool and then performing pulse laser 
beam irradiation. 

SUMMARY OF THE INVENTION 

A dicing method according to an aspect of the present 
invention is a method of dicing a substrate to be processed, 
devices being formed in the Substrate to be processed, a metal 
film being formed on one surface of the substrate to be pro 
cessed. The dicing method includes: placing the Substrate to 
be processed onto a first stage; forming a groove portion by 
removing the metal film through a metal processing operation 
with a diamond tool; placing the Substrate to be processed 
onto a second stage; generating a clock signal; emitting a 
pulse laser beam synchronized with the clock signal to the 
groove portion of the Substrate to be processed; moving the 
substrate to be processed and the pulse laser beam relative to 
each other, Switching the pulse laser beam between irradia 
tion and non-irradiation of the Substrate to be processed on a 
light pulse basis by controlling passing and blocking of the 
pulse laser beam with a pulse picker in Synchronization with 
the clock signal; and forming cracks in the Substrate to be 
processed, the cracks reaching the Substrate Surface. 

In the method according to the above aspect, the cracks are 
preferably formed in series in the surface of the substrate to be 
processed, by controlling irradiation energy of the pulse laser 
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beam, the processing point depth of the pulse laser beam, and 
the intervals between irradiation and non-irradiation with the 
pulse laser beam. 

In the method according to the above aspect, the cracks are 
preferably formed linearly in the surface of the substrate to be 
processed. 

In the method according to the above aspect, it is preferable 
to apply an external force after the cracks are formed. 

In the method according to the above aspect, the metal 
processing operation is preferably performed by a planar 
processing technique or a flycut processing technique. 

In the method according to the above aspect, in the metal 
processing operation, cutting is preferably performed on the 
surface of the substrate to be processed. 

In the method according to the above aspect, the position of 
the Substrate to be processed and the operation start position 
of the pulse picker are preferably synchronized with each 
other. At this point, the stage is preferably moved in Synchro 
nization with the clock signal, so as to move the Substrate to 
be processed and the pulse laser beam relative to each other. 

In the method according to the above aspect, the Substrate 
to be processed is preferably a Sapphire Substrate. 

In the method according to the above aspect, the irradiation 
energy is preferably set at 30 to 150 mW, and the pulse laser 
beam is preferably allowed to pass in every 1 to 4 light pulses 
and is blocked in every 1 to 4 light pulses. with this arrange 
ment, the pitch of irradiation is preferably set at 1 to 6 um. 
The irradiation energy is preferably set at 50+5 mW. The 

processing point depth is preferably set at 25.0+2.5um. The 
pitch of irradiation is preferably set at 3.6+0.4 um by allowing 
one light pulse of the pulse laser beam to pass at a time, and 
blocking two light pulses at a time. 

Adicing method according to another aspect of the present 
invention is a method of dicing a substrate to be processed, 
devices being formed in the Substrate to be processed, a metal 
film being formed on one surface of the substrate to be pro 
cessed. The dicing method includes: placing the Substrate to 
be processed onto a first stage; removing the metal film 
through a metal processing operation with a diamond tool; 
placing the Substrate to be processed onto a second stage; 
generating a clock signal; emitting a pulse laser beam Syn 
chronized with the clock signal; applying the pulse laser 
beam to a surface of the Substrate to be processed in a one 
dimensional direction with a pulse picker and a laser beam 
scanner, while Switching the pulse laser beam between pass 
ing and blocking in Synchronization with the clock signal; 
after applying the pulse laser beam in the one-dimensional 
direction, moving the stage in a direction perpendicular to the 
one-dimensional direction; further applying the pulse laser 
beam in the one-dimensional direction in synchronization 
with the clock signal; and forming cracks in the Substrate to be 
processed, the cracks reaching the Substrate Surface. The pro 
cessing origin position in each scanning operation is cor 
rected by controlling the passing and blocking of the pulse 
laser beam at the pulse picker, based on a scan position signal 
Supplied from the laser beam Scanner. 

In the method according to the above aspect, the movement 
of the second stage in the direction perpendicular to the one 
dimensional direction is preferably controlled, based on the 
scan position signal Supplied from the laser beam scanner. 
The present invention can provide a dicing method that 

achieves excellent dicing properties at low costs by removing 
a metal film through a metal processing operation with a 
diamond tool and then performing pulse laser beam irradia 
tion. 
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4 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A through 1D are conceptual diagrams showing the 
procedures according to a dicing method of a first embodi 
ment; 

FIGS. 2A and 2B are conceptual diagrams of a semicon 
ductor wafer taken as an example of a Substrate to be pro 
cessed in the first embodiment; 

FIG. 3 is a schematic diagram showing an example struc 
ture of the laser dicing apparatus used according to the laser 
dicing method of the first embodiment; 

FIG. 4 is a diagram illustrating the timing control opera 
tions according to the laserdicing method of the first embodi 
ment; 

FIG. 5 is a diagram showing the pulse picker operation and 
the timing of a modulated pulse laser beam according to the 
laser dicing method of the first embodiment; 

FIG. 6 is a diagram for explaining the irradiation pattern 
according to the laserdicing method of the first embodiment; 

FIG. 7 is a top view showing an irradiation pattern formed 
on a sapphire substrate of the first embodiment; 

FIG. 8 is a cross-sectional view taken along the line A-A of 
FIG.7; 

FIGS. 9A through 9D are diagrams for explaining the 
effects of the first embodiment; 

FIG. 10 is a diagram for explaining the relationship 
between stage movement and dicing in the first embodiment; 

FIGS. 11A and 11B are diagrams for explaining cases 
where cracks are formed by applying pulse laser beams hav 
ing processing points at different depths along the same scan 
ning line in a substrate several times: 

FIGS. 12A and 12B are optical photographs of diced faces 
formed under the conditions illustrated in FIGS. 11A and 
11B, respectively; 

FIG. 13 is a diagram showing the irradiation pattern of 
Example 1: 

FIGS. 14A through 14E show the results of laser dicing 
operations of Examples 1 through 4 and Comparative 
Example 1: 

FIG. 15 is a cross-sectional view showing the result of the 
laser dicing operation of Example 1: 

FIGS. 16A through 16F show the results of laser dicing 
operations of Examples 5 through 10; 

FIGS. 17A through 17E show the results of laser dicing 
operations of Examples 11 through 15; 

FIGS. 18A through 18F show the results of laser dicing 
operations of Examples 16 through 21; 

FIGS. 19A through 19C show the results of laser dicing 
operations of Examples 22 through 24, 

FIG. 20 is a diagram showing the structure of a pulse laser 
processing apparatus according to a second embodiment; 

FIG. 21 is a diagram for explaining the laser beam Scanner 
of the pulse laser processing apparatus according to the sec 
ond embodiment; 

FIG.22 is a diagram for explaining a scanning operation by 
the laser beam scanner of the pulse laser processing apparatus 
according to the second embodiment; 

FIG. 23 is a diagram for explaining the processing control 
ler of the pulse laser processing apparatus according to the 
second embodiment; 

FIG. 24 is a diagram for explaining the processing pattern 
generator of the pulse laser processing apparatus according to 
the second embodiment; 

FIG. 25 is a diagram for explaining the processing pattern 
signal generator of the pulse laser processing apparatus 
according to the second embodiment; 
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FIGS. 26A and 26B are signal waveform charts for 
explaining timing control performed in the pulse laser pro 
cessing apparatus according to the second embodiment; and 

FIG. 27 is a signal waveform chart for explaining timing 
control performed through a pulse picker operation in the 
pulse laser processing apparatus according to the second 
embodiment. 

DETAILED DESCRIPTION OF THE INVENTION 

The following is a description of embodiments of the 
present invention, with reference to the accompanying draw 
ings. It should be noted that, in this specification, a processing 
point is a point near the collecting position (focal position) of 
a pulse laser beam in a Substrate to be processed, and at the 
processing point, the degree of property modification of the 
substrate to be processed becomes the highest in the depth 
direction. A processing point depth is the depth of the pro 
cessing point of a pulse laser beam, measured from the Sur 
face of the substrate to be processed. 

(First Embodiment) 
Adicing method according to this embodiment is a method 

of dicing a Substrate to be processed, devices being formed in 
the substrate to be processed, a metal film being formed on 
one surface of the substrate to be processed. The dicing 
method includes: placing the Substrate to be processed onto a 
first stage; forming a groove portion by removing the metal 
film through a metal processing operation with a diamond 
tool; placing the Substrate to be processed onto a second 
stage; generating a clock signal; emitting a pulse laser beam 
synchronized with the clock signal to the groove portion of 
the substrate to be processed; moving the substrate to be 
processed and the pulse laser beam relative to each other; 
Switching the pulse laser beam between irradiation and non 
irradiation of the Substrate to be processed on a light pulse 
basis by controlling passing and blocking of the pulse laser 
beam in Synchronization with the clock signal; and forming 
cracks in the Substrate to be processed, the cracks reaching the 
Substrate Surface. 

With the above described dicing method, high throughput 
and excellent dicing properties can be achieved in dicing a 
Substrate having a metal film to be processed. In a pulse laser 
beam processing operation, cracks are formed in series in the 
Surface of the Substrate to be processed. Accordingly, dicing 
can be easily performed even on a hard Substrate Such as a 
Sapphire Substrate. Also, dicing with a small dicing width can 
be performed. Here, the excellent dicing properties include: 
1) dicing with high linearity; 2) dicing with a small dicing 
force that increases the yield of diced devices; and 3) preven 
tion of deterioration of devices in the substrate such as LED 
devices in an epitaxial layer on the Substrate due to adverse 
influence of the laser emitted to form cracks. 

FIGS. 2A and 2B are conceptual diagrams of a semicon 
ductor wafer taken as an example of a Substrate to be pro 
cessed in this embodiment. FIG. 2A is a top view of the 
semiconductor wafer, and FIG.2B is a cross-sectional view of 
the semiconductor wafer, taken along the line A-A of FIG. 
2A. 

In this semiconductor wafer 1, high-intensity LED devices 
4 are formed in a GaN-based semiconductor layer 3 on a 
sapphire substrate 2, for example. A reflective film made of 
gold (Au) or aluminum (Al) is formed as a metal film 5 on the 
opposite face of the face on which the high-intensity LED 
devices 4 are formed. 
The respective high-intensity LED devices 4 are sectioned 

by dicing lines (shown by the solid lines in FIG. 2A) that have 
a certain width for dicing and have no devices formed 
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6 
thereon. When dicing is performed, wafers are diced along 
the dicing lines and extended lines (shown by the dashed lines 
in FIG. 2A) of the dicing lines, so that the wafer is divided into 
LEDs serving as individual chips. 

FIGS. 1A through 1D are conceptual diagrams showing the 
procedures according to a dicing method of this embodiment. 

First, as shown in FIG. 1A, an adhesive tape 6 for binding 
the respective chips when the semiconductor wafer is divided 
into the chips by dicing is formed on the face of the semicon 
ductor wafer in which the high-intensity LED devices 4 are 
formed. 
The semiconductor wafer is placed on a stage (the first 

stage) of a metal processing apparatus. The metal processing 
apparatus is a known apparatus that is capable of processing 
metal, using a diamond tool 7. The metal film 5 of the semi 
conductor wafer placed on the stage is then partially removed 
along the dicing lines by a metal processing operation using 
the diamond tool 7, as shown in FIG. 1B. 
The metal processing technique used here may be a planar 

processing technique by which the diamond tool is moved 
linearly in relation to the stage, or a flycut processing tech 
nique by which the diamond tool is moved rotationally in 
relation to the stage, for example. To increase the processing 
accuracy of the metal film 5, the planar processing technique 
is preferred. 
The portions of the metal film 5 remaining on the bottoms 

of the grooves may be completely removed or partially left. 
After the portions of the metal film 5 remaining on the bot 
toms of the grooves are completely removed, cutting along 
the grooves may be performed on the Surface of the Sapphire 
substrate 2, to reduce the external force to be later applied 
when the semiconductor wafer is diced. Alternatively, the 
metal film 5 may be left on the bottoms of the grooves by such 
a thickness as to allow laser beams to pass therethrough. In 
this manner, generation of cutting dust from the Sapphire 
substrate 2 cut by the diamond tool 7 can be prevented, and the 
crack formation by the laser processing operation to be per 
formed later can be stabilized. 
As described above, according to this embodiment, an 

optimum processing technique for the Substrate to be pro 
cessed, the material and thickness of the metal film, and the 
like can be advantageously selected and performed. 
When metal processing is performed, cutting dust is pref 

erably sucked by a suction nozzle provided in the vicinity of 
the diamond tool 7. 
The semiconductor wafer is then placed on a stage (the 

second stage) of a pulse laser processing apparatus. A clock 
signal is generated in the pulse laser processing apparatus, 
and a pulse laser beam 8 in synchronization with the clock 
signal is emitted into each groove of the semiconductor wafer, 
as shown in FIG. 1C. At this point, the focal position of the 
pulse laser beam 8 is a predetermined position in the Sapphire 
substrate 2. 
The semiconductor wafer and the pulse laser beam 8 are 

then moved in relation to each other. Passing and blocking of 
the pulse laser beam 8 are controlled in synchronization with 
the clock signal, so that irradiation and non-irradiation of the 
semiconductor wafer with the pulse laser beam 8 are switched 
on a light pulse basis. In this manner, cracks that reach the 
wafer surface on the side of the metal film 5 are formed in the 
semiconductor wafer. 
As will be described later, at the time of laser processing, a 

series of cracks are formed in the surface of the substrate to be 
processed, by controlling the irradiation energy of the pulse 
laser beam 8, the depth of the processing point of the pulse 
laser beam 8, and the intervals between irradiation and non 
irradiation with the pulse laser beam 8. 
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External force is then applied to the semiconductor wafer 
by a breaker 9 of a breaking device, so as to divide the 
semiconductor wafer into the individual high-intensity LED 
chips, as shown in FIG. 1D. At this point, instead of the use of 
the breaking device, the adhesive tape 6 may be stretched to 
apply external force to the semiconductor wafer. Alterna 
tively, external force may be applied by using both the break 
ing device and the adhesive tape. 

According to this embodiment, a dicing method that can 
achieve high throughput, low costs, high yield, and high 
precision can be realized. 

In the example described above, laser dicing is performed 
after all the metal film on the dicing lines is removed from the 
wafer by the metal processing apparatus. Such procedures are 
naturally carried out in a case where the two apparatuses of 
the metal processing apparatus and the pulse laser processing 
apparatus are used. However, the metal film removal and the 
laser processing through irradiation with a pulse laser beam 
may be performed as a set for each dicing line. In this case, the 
number of times Scanning is performed along the dicing lines 
can be halved, and accordingly, the throughput is advanta 
geously improved. Also, the matching accuracy between the 
metal processing and the laser processing is improved, and 
higher-precision dicing can be performed. 

The above method is realized by using a processing appa 
ratus that is designed to integrate the metal processing and the 
laser processing, and have the position of the diamond tool 
and the position of the laser beam irradiation on a straight line 
in relation to the relative displacement with the semiconduc 
tor wafer. In this apparatus, the first stage also serves as the 
Second stage. 

Next, laser dicing according to this embodiment is 
described in detail. 

In the above described dicing method, a laser dicing appa 
ratus according to this embodiment that realizes the laser 
processing includes: a stage on which the Substrate to be 
processed can be placed; a reference clock oscillation circuit 
that generates a clock signal; a laser oscillator that emits a 
pulse laser beam; a laser oscillator controller that synchro 
nizes the pulse laserbeam with the clock signal; a pulse picker 
that is provided in a light path between the laser oscillator and 
the stage, and Switches the pulse laser beam between irradia 
tion and non-irradiation of the Substrate to be processed; and 
a pulse picker controller that controls passing and blocking of 
the pulse laser beam at the pulse picker on a light pulse basis, 
in synchronization with the clock signal. 

FIG. 3 is a schematic block diagram showing an example 
structure of the laser dicing apparatus according to this 
embodiment. As shown in FIG. 3, the laser dicing apparatus 
10 according to this embodiment includes the following main 
components: a laser oscillator 12, a pulse picker 14, a beam 
shaper 16, a collector lens 18, an XYZ stage unit 20, a laser 
oscillator controller 22, a pulse picker controller 24, and a 
processing controller 26. The processing controller 26 
includes a reference clock oscillation circuit 28 that generates 
a desired clock signal S1, and a processing table unit 30. 
The laser oscillator 12 is designed to emit a pulse laser 

beam PL1 at a frequency Tc synchronized with the clock 
signal S1 generated by the reference clock oscillation circuit 
28. The intensity of emitted pulsed light indicates a Gaussian 
distribution. The clock signal S1 is a processing control clock 
signal that is used for controlling laser dicing. 
The wavelength of the laser emitted from the laser oscilla 

tor 12 has permeation properties with respect to the substrate 
to be processed. The laser used here may be Nd:YAG laser, 
Nd:YVO laser, Nd:YLF laser, or the like. For example, 
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8 
where the substrate to be processed is a sapphire substrate; it 
is preferable to use Nd:YVO laser of 532 nm in wavelength. 
The pulse picker 14 is provided in the light path between 

the laser oscillator 12 and a beam shaper 16. The pulse laser 
beam PL1 is switched between passing and blocking (ON/ 
OFF) in synchronization with the clock signal S1, so that the 
pulse laser beam PL1 is switched between irradiation and 
non-irradiation of the Substrate to be processed on a light 
pulse basis. In this manner, Switching on and off of the pulse 
laser beam PL1 is controlled to process the substrate through 
the operation of the pulse picker 14, and the pulse laser beam 
PL1 turns into a modulated pulse laser beam PL2. 
The pulse picker 14 is preferably formed by an acousto 

optic modulator (AOM), for example. Alternatively, an elec 
tro-optic modulator (EOM) of a Raman diffraction type may 
be used. 
The beam shaper 16 turns the incoming pulse laser beam 

PL2 into a pulse laser beam PL3 shaped into a desired form. 
For example, the beam shaper 16 may be a beam expander 
that enlarges a beam diameter at a certain rate. Alternatively, 
an optical device Such as a homogenizer that uniforms the 
optical intensity distribution in the beam cross-section Sur 
face may be provided. Also, a device that rounds the beam 
cross-section, oran optical device that circularly polarizes the 
beam may be provided. 
The collector lens 18 is designed to collect the pulse laser 

beam PL3 shaped by the beam shaper 16, and emit a pulse 
laser beam PL4 onto the substrate W to be processed such as 
a sapphire substrate that has LEDs formed in the lower sur 
face thereof and is placed on the XYZ stage unit 20. 
The XYZ stageunit 20 includes: an XYZ stage (hereinafter 

also referred to simply as the stage) that can have the Substrate 
W to be processed placed thereon and freely move in the 
XYZ-directions; a drive mechanism for the stage; and a posi 
tion sensor having a laser interferometer that measures the 
position of the stage, for example. The XYZ stage is designed 
to have high positioning accuracy and a displacementerror on 
the order of submicrons. The XYZ stage is moved in the 
Z-direction, to adjust the focal position of each pulse laser 
beam with respect to the substrate W to be processed, and 
control the depth of the processing point. 
The processing controller 26 controls all the processing 

operations performed by the laser dicing apparatus 10. The 
reference clock oscillation circuit 28 generates the desired 
clock signal S1. A processing table in which dicing process 
ing data is described as the numbers of light pulses in pulse 
laser beams is stored in the processing table unit 30. 

Referring now to FIGS. 3 through 10, a laserdicing method 
using the above described laser dicing apparatus 10 is 
described. 

First, the substrate W to be processed, such as a sapphire 
substrate, is placed on the XYZ stage unit 20. The sapphire 
substrate is a wafer that has a GaN layer epitaxially-grown in 
the lower surface thereof, and has LEDs formed as a pattern in 
the GaN layer. Based on notches or orientation flats formed 
on the wafer, wafer positioning with respect to the XYZ stage 
is performed. In the example case described below, the dicing 
line portions of the metal film formed on the bottom surface 
has already been removed. 

FIG. 4 is a diagram illustrating the timing control opera 
tions according to the laser dicing method of this embodi 
ment. At the reference clock oscillation circuit 28 in the 
processing controller 26, the clock signal S1 at the frequency 
Tc is generated. The laser oscillator controller 22 controls the 
laser oscillator 12 to emit the pulse laser beam PL1 at the 
frequency Tc synchronized with the clock signal S1. At this 
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point, there is a delay time t between each rising edge of the 
clock signal S1 and each corresponding rising edge of the 
pulse laser beam PL1. 
The laser beam used here has a wavelength that exhibits 

permeation properties with respect to the substrate to be pro 
cessed. Here, it is preferable to use a laser beam having a 
higher photon energy hv in the emitting laser beam than the 
absorption bandgap Eg of the material of the substrate to be 
processed. When the energy hv is much larger than the band 
gap Eg, the laser beam is absorbed. This is called multiphoton 
absorption. If the pulse width of the laser beam is made 
extremely small to cause the multiphoton absorption in the 
Substrate to be processed, the multiphoton absorption energy 
is not transformed into thermal energy, but persistent struc 
tural changes, such as changes in ion Valence, crystallization, 
noncrystallization, polarized orientation, or minute crack for 
mation, are induced. As a result, a color center is formed. 
As for the irradiation energy (irradiation power) of the laser 

beam (pulse laser beam), an optimum value is selected to 
form a series of cracks in the surface of the substrate to be 
processed. 
Where a wavelength having permeation properties with 

respect to the material of the substrate to be processed is used, 
the laser beam can be guided and collected in the vicinity of 
the focal point inside the Substrate. Accordingly, a color cen 
ter can be locally formed. The color center will be hereinafter 
referred to as the modified region. 
The pulse picker controller 24 refers to a processing pattern 

signal S2 output from the processing controller 26, and gen 
erates a pulse picker drive signal S3 synchronized with the 
clock signal S1. The processing pattern signal S2 is generated 
by referring to the processing table stored in the processing 
table unit 30. In the processing table, the irradiation pattern 
information is described as the numbers of light pulses on a 
light pulse basis. Based on the pulse picker drive signal S3. 
the pulse picker 14 performs an operation to Switch the pulse 
laser beam PL1 between passing and blocking (ON/OFF) in 
synchronization with the clock signal S1. 

Through the operation of the pulse picker 14, the modu 
lated pulse laser beam PL2 is generated. There are delay times 
t and t between the rising edges of the clock signal S1 and 
the rising and falling edges of the pulse pickerdrive signal S3. 
Also, there are delay times t and ts between the rising and 
falling edges of the pulse picker drive signal S3 and the pulse 
picker operation. 
When the substrate to be processed is processed, the timing 

to generate the pulse picker drive signal S3 and the like, and 
the timing to move the Substrate to be processed and the pulse 
laser beam in relation to each other are determined by taking 
the delay times t throughts into consideration. 

FIG. 5 is a diagram showing the pulse picker operation and 
the timing of the modulated pulse laser beam PL2 according 
to the laser dicing method of this embodiment. On a light 
pulse basis, the pulse picker operation is Switched in synchro 
nization with the clock signal S1. As the oscillation of the 
pulse laser beam and the pulse picker operation are synchro 
nized with the same clock signal S1, an irradiation pattern on 
a light pulse basis can be realized. 

Specifically, irradiation and non-irradiation with the pulse 
laser beam are performed under predetermined conditions 
defined by the numbers of light pulses. That is, the pulse 
picker operation is performed based on the number of irradi 
ating light pulses (P1) and the number of non-irradiating light 
pulses (P2), so as to Switch between irradiation and non 
irradiation of the substrate to be processed. The value P1 and 
the value P2 defining the irradiation pattern of the pulse laser 
beam are described as the irradiated region register setting 
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10 
and the non-irradiated region register setting in the processing 
table, for example. In accordance with the material of the 
substrate to be processed and the conditions of the laser beam, 
the value P1 and the value P2 are set under predetermined 
conditions so that the crack formation at the time of dicing is 
optimized. 
The modulated pulse laser beam PL2 is turned into the 

pulse laser beam PL3 shaped into a desired form by the beam 
shaper 16. Further, the shaped pulse laser beam PL3 is col 
lected by the collector lens 18, and is turned into the pulse 
laser beam PL4 having a desired beam diameter. The pulse 
laser beam PL4 is emitted onto the wafer that is the substrate 
to be processed. 

In a case where the wafer is diced in the X-axis direction 
and the Y-axis direction, the XYZ stage is first moved in the 
X-axis direction at a constant speed, and Scanning is per 
formed with the pulse laser beam PL4. After the desired 
dicing in the X-axis direction is completed, the XYZ stage is 
moved in the Y-axis direction at a constant speed, and scan 
ning is performed with the pulse laser beam PL4. In this 
manner, the dicing in the Y-axis direction is performed. 
The intervals between irradiation and non-irradiation with 

the pulse laser beam are controlled by the above described 
number of irradiating light pulses (P1), the number of non 
irradiating light pulses (P2), and the moving speed of the 
Stage. 
As for the Z-axis direction (the height direction), the col 

lecting position (focal position) of the collector lens is 
adjusted to a predetermined depth in the wafer. The predeter 
mined depth is set so that cracks are formed in desired shapes 
at the time of dicing. 
Where n represents the refractive index of the substrate to 

be processed, 
L represents the processing position with respect to the Sur 

face of the substrate to be processed, and 
LZ represents the Z-axis displacement distance, the following 

equation is established: 

That is, where the surface of the substrate to be processed is 
the initial Z-axis position of the collecting position of the 
collector lens, the collecting position should be displaced in 
the Z-axis by “LZ’’ when processing is performed on a posi 
tion at the depth “L” from the substrate surface. 

FIG. 6 is a diagram for explaining the irradiation pattern 
according to the laser dicing method of this embodiment. As 
shown in the drawing, the pulse laser beam PL1 is generated 
in synchronization with the clock signal S1. Passing and 
blocking of the pulse laser beam are then controlled in Syn 
chronization with the clock signal S1. In this manner, the 
modulated pulse laser beam PL2 is generated. 
As the stage is moved in a horizontal direction (in the 

X-axis or Y-axis direction), the irradiating light pulses of the 
modulated pulse laser beam PL2 are formed as irradiation 
spots on the wafer. By generating the modulated pulse laser 
beam PL2 in this manner, irradiation spots are controlled on 
a light pulse basis, and are intermittently formed on the wafer. 
In the example illustrated in FIG. 6, the number of irradiating 
light pulses (P1) is 2, the number of non-irradiating light 
pulses (P2) is 1, and Such conditions are set that the irradiating 
light pulse (Gaussian beam) is Switched back and forth 
between irradiation and non-irradiation at the pitch equiva 
lent to the spot diameter. 

If processing is performed with a beam spot diameter D 
(Lm) and a repetition frequency F (KHZ), 
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the stage moving Velocity V (m/sec) for repetitively Switching 
the irradiating light pulse between irradiation and non-irra 
diation at the pitch equivalent to the spot diameter is 
expressed as follows: 

For example, if processing is performed with a beam spot 
diameter D of 2 um and a repetition frequency F of 50 KHZ, 
the stage moving Velocity V is expressed as follows: 

V=100 mm sec 

Also, where the power of the irradiating light is represented 
by P (watt), light pulses having an irradiation pulse energy 
P/F per pulse are emitted onto the wafer. 
The parameters such as the irradiation energy of the pulse 

laser beam (the power of the irradiating light), the depth of the 
processing point of the pulse laser beam, and the intervals 
between irradiation and non-irradiation with the pulse laser 
beam are determined so that a series of cracks are formed in 
the surface of the substrate to be processed. 

FIG. 7 is a top view showing the irradiation pattern formed 
on a sapphire substrate. When seen from above the irradiated 
Surface, irradiation spots are formed at the pitch equivalent to 
the irradiation spot diameter, with the number of irradiating 
light pulses (P1) being 2, the number of non-irradiating light 
pulses (P2) being 1. FIG. 8 is a cross-sectional view taken 
along the line A-A of FIG. 7. As shown in the drawing, a 
modified region is formed inside the Sapphire Substrate. 
Cracks that extend from the modified region to the substrate 
Surface are formed along the light pulse scanning lines. The 
cracks are also formed in series in the surface of the substrate 
to be processed. 

FIGS. 9A through 9D are diagrams for explaining the 
effects of this embodiment. The dotted line circles in FIG.9A 
indicate the possible irradiation positions in a case where a 
pulse laser beam is emitted at a highest possible laser fre 
quency of the pulse laser beam and at the highest possible 
stage moving velocity, for example. FIG.9B shows the irra 
diation pattern seen in a case where the ratio between irradia 
tion and non-irradiation is 1/2. The solid line circles indicate 
the irradiation positions, and the dotted line circles indicate 
the non-irradiation positions. 

Here, higher dicing properties are hypothetically achieved 
where the distance between each two irradiation spots (or the 
length of each non-irradiated region) is made shorter. Such a 
case can be realized by setting the ratio between irradiation 
and non-irradiation at 1/1, without a change in stage moving 
velocity, as shown in FIG.9C. If a pulse picker is not used as 
in this embodiment, the stage moving Velocity needs to be 
lowered to obtain the same conditions as above, and the 
dicing processing throughput becomes lower. 

Next, higher dicing properties are hypothetically achieved 
where irradiation spots are successively formed to make each 
irradiated region longer. Such a case can be realized by setting 
the ratio between irradiation and non-irradiation at 2/1, with 
out a change in the stage moving Velocity, as shown in FIG. 
9D. If a pulse picker is not used as in this embodiment, the 
stage moving velocity needs to be lowered and varied to 
obtain the same conditions as above. As a result, the dicing 
processing throughput becomes lower, and the control opera 
tion becomes extremely difficult. In the irradiation pattern 
shown in FIG.9B, conditions similar to those in FIG.9D may 
be realized by increasing the irradiation energy. In such a 
case, however, the laser power gathered to one point becomes 
larger. As a result, the crack width might become greater, or 
the linearity of the cracks might be degraded. Also, where 
LEDs are formed in the sapphire substrate, the amount of 
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12 
laser that reaches the LED region on the opposite side of the 
cracks might increase, and the LED devices might be 
degraded. 
As described above, according to this embodiment, various 

conditions for dicing can be realized, without a change in the 
laser beam conditions and the stage moving Velocity. Accord 
ingly, optimum conditions for dicing can be found, without 
degradation in productivity and device characteristics. 

It should be noted that, in this specification, the “length of 
each irradiated region' and the “length of each non-irradiated 
region' are the respective lengths shown in FIG. 9D. 

FIG. 10 is a diagram for explaining the relationship 
between the stage movement and the dicing. A position sen 
Sor that detects displacement positions in the X-axis and 
Y-axis directions is provided in the XYZ stage. For example, 
the point at which the stage moving Velocity enters a Velocity 
stabilized Zone after the stage starts moving in the X-axis or 
Y-axis direction is set as a synchronizing position in advance. 
When the position sensor detects the synchronizing position, 
the displacement position detection signal S4 (see FIG. 3) is 
sent to the pulse picker controller 24, so that the pulse picker 
operation is allowed, and the pulse picker 14 is activated by 
the pulse picker drive signal S3. The synchronizing position 
may be set on an end face of the Substrate to be processed, and 
the position sensor may detect the end face, for example. 

In this manner, the following parameters are managed: 
S: distance from the synchronizing position to the substrate 
W: processing length 
W: distance from a substrate end to the irradiation start 

position 
W: processing span 
W: distance from the irradiation end position to the other 

substrate end 
In the above described manner, the stage position and the 

operation start position of the pulse picker 14 are synchro 
nized with each other. That is, irradiation and non-irradiation 
with the pulse laser beam are synchronized with the position 
of the stage. Accordingly, during the irradiation and non 
irradiation with the pulse laser beam, a constant stage moving 
Velocity is guaranteed (or the stage is in the Velocity stabilized 
Zone). Thus, regularity is kept among the positions of irradia 
tion spots, and stable crack formation is realized. 

In a case where a thick Substrate is to be processed, cracks 
are formed by applying pulse laser beams having processing 
points at different depths along the same scanning line in a 
substrate several times (or through several layers). In this 
manner, the dicing properties may be improved. In such a 
case, the stage position and the pulse picker operation start 
position are synchronized with each other, so that the rela 
tionship with the pulse-irradiated positions can be accurately 
and desirably controlled in scanning operations at different 
depths. Accordingly, the conditions for dicing can be opti 
mized. 

FIGS. 11A and 11B are diagrams for explaining cases 
where cracks are formed by applying pulse laser beams hav 
ing processing points at different depths along the same scan 
ning line in a substrate several times. FIGS. 11A and 11B are 
schematic views of irradiation patterns in cross-section Sur 
faces of substrates. The shaded portions (ON) indicate irra 
diated regions, and unshaded portions (OFF) indicate non 
irradiated regions. FIG. 11A illustrates a case where the first 
layer and the second layer that are irradiated are in the same 
phase, or the pulse irradiated positions are the same between 
the first layer and the second layer. FIG. 11B illustrates a case 
where the first layer and the second layer that are irradiated 
are in different phases, or where the pulse irradiated positions 
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in the second layer do not match the respective irradiated 
pulse positions in the first layer. 

FIGS. 12A and 12B are optical photographs of diced faces 
formed under the conditions illustrated in FIGS. 11A and 
11B, respectively. FIG. 12A illustrates the case of layers in 
the same phase, and FIG. 12B illustrates the case of layers in 
different phases. The upper part of each photograph is shown 
at a low magnification, and the lower part of each photograph 
is shown at a high magnification. As the stage position and the 
pulse picker operation start position are synchronized with 
each other as described above, the relationship between the 
first layer and the second layer that are irradiated can be 
accurately controlled. 
The processed substrate shown in each of FIGS. 12A and 

12B is a 150-um thick sapphire substrate. In this case, the 
dicing force required for the dicing was 0.31 N in the case of 
layers in the same phase, and was 0.38 N in the case of layers 
in different phases. In view of this, the dicing properties were 
higher in the case of the same phase. 

Although the number of irradiating light pulses and the 
number of non-irradiating light pulses in the first layer are the 
same as those in the second layer in the above described 
examples, optimum conditions can also be set where the 
number of irradiating light pulses and the number of non 
irradiating light pulses in the first layer differ from those in the 
second layer. 
To further improve the accuracy of the irradiation spot 

positions, movement of the stage is preferably also synchro 
nized with the clock signal. This can be realized by synchro 
nizing the stage movement signal S5 (see FIG. 3) sent from 
the processing controller 26 to the XYZ stage unit 20 with the 
clock signal S1, for example. 

According to the laser dicing method of this embodiment, 
a series of cracks that reach the Substrate Surface and are 
arranged in the surface of the substrate to be processed. In this 
manner, the later dicing of the Substrate is facilitated. Accord 
ingly, the productivity by the dicing becomes higher. The final 
dicing of the substrate after the formation of the cracks, or the 
dividing of the wafer into individual LED chips may be spon 
taneously realized after the formation of the cracks or may be 
realized through further application of a human force. 
By a method of continuously emitting a pulse laser beam 

onto a Substrate as in conventional cases, it is difficult to 
control the cracks formed in series in the substrate surface to 
have desired shapes, even if the stage moving Velocity, the 
numerical aperture of the collector lens, the irradiation light 
power, and the like are optimized. In this embodiment, the 
irradiation pattern is optimized by intermittently Switching 
the pulse laser beam between irradiation and non-irradiation 
on a light pulse basis. In this manner, the cracks are prevented 
from reaching the Substrate surface, and a laserdicing method 
for achieving excellent dicing properties is realized. 

That is, linear and narrow cracks can be formed in series 
along the laser Scanning lines in the Substrate Surface, for 
example. By forming Such linear cracks in series, the influ 
ence of the cracks on devices such as the LEDs formed in the 
Substrate can be minimized at the time of dicing. Also, since 
the linear cracks can be formed, each region in which a crack 
is formed can be made narrower in the substrate surface. 
Accordingly, the dicing width can be made Smaller in the 
designing process. Thus, the number of device chips formed 
in the same Substrate or wafer can be increased, which con 
tributes to a reduction of device manufacturing costs. 
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14 
EXAMPLES 

The following is a description of examples of laser-pro 
cessed portions according to this embodiment. 

Example 1 

According to the method of this embodiment, laser dicing 
was performed under the following conditions: 
Substrate to be processed: Sapphire substrate, 100 um in 
Substrate thickness 
Laser source: Nd:YVO laser 
Wavelength: 532 nm 
Irradiation energy: 50 mW 
Laser frequency 20 KHZ 
Number of irradiating light pulses (P1): 1 
Number of non-irradiating light pulses (P2): 2 
Stage moving Velocity: 25 mm/sec 
Processing point depth: 25.2 um from the surface of the 

substrate to be processed 
FIG. 13 shows the irradiation pattern of Example 1. As 

shown in the drawing, one pulse region is irradiated with a 
light pulse, two regions equivalent to two light pulses are not 
irradiated. This condition will be hereinafter indicated as 
"irradiation/non-irradiation=1/2. It should be noted that the 
pitch of irradiation and non-irradiation is equivalent to the 
spot diameter. 

In Example 1, the spot diameter was approximately 1.2 Lum. 
Accordingly, the pitch of irradiation was approximately 3.6 
lm. 
FIG. 14A shows the result of the laser dicing. The upper 

half of the drawing is an optical photograph of the upper 
surface of the substrate, and the lower half is an optical 
photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 
The upper optical photograph was taken by adjusting the 
focal point in the modified regions in the substrate. The lower 
optical photograph was taken by adjusting the focal point in 
the cracks in the surface of the substrate. FIG. 15 is a cross 
sectional SEM photograph of the substrate taken in a direc 
tion perpendicular to the cracks. 
The substrate to be processed had a reed-like shape of 

about 5 mm in width, and was irradiated with a pulse laser 
beam in a direction perpendicular to the extending direction 
of the reed-like shape, to form the cracks. After the cracks 
were formed, the dicing force required for dicing with a 
breaker was evaluated. 

Example 2 

Laser dicing was performed in the same manner as in 
Example 1, except that the "irradiation/non-irradiation' was 
1/1. FIG. 14B shows the result of the laser dicing. The upper 
half of the drawing is an optical photograph of the upper 
surface of the substrate, and the lower half is an optical 
photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 

Example 3 

Laser dicing was performed in the same manner as in 
Example 1, except that the "irradiation/non-irradiation' was 
2/2. FIG. 14C shows the result of the laser dicing. The upper 
half of the drawing is an optical photograph of the upper 
surface of the substrate, and the lower half is an optical 
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photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 

Example 4 

Laser dicing was performed in the same manner as in 
Example 1, except that the "irradiation/non-irradiation' was 
2/3. FIG. 14E shows the result of the laser dicing. The upper 
half of the drawing is an optical photograph of the upper 
surface of the substrate, and the lower half is an optical 
photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 

Comparative Example 1 

Laser dicing was performed in the same manner as in 
Example 1, except that the "irradiation/non-irradiation' was 
1/3. FIG. 14D shows the result of the laser dicing. The upper 
half of the drawing is an optical photograph of the upper 
surface of the substrate, and the lower half is an optical 
photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 

In each of Examples 1 through 4, the irradiation energy of 
the pulse laserbeam, the processing point depth, and the pitch 
of irradiation and non-irradiation were set as described above, 
so that the series of cracks were formed in the surface of the 
substrate to be processed, as shown in FIGS. 14A through 
14E and FIG. 15. 

Particularly, under the conditions set in Example 1, very 
linear cracks were formed in the surface of the substrate to be 
processed. Further, the Smallest dicing force was required for 
dicing the substrate under the conditions set in Example 1. 
Therefore, in a case where the substrate to be processed is a 
Sapphire Substrate, it is preferable to set the respective param 
eters as follows, with the controllability over the respective 
conditions being taken into consideration. The irradiation 
energy is 50+5 mW. The processing point depth is 25.0+2.5 
um. The pitch of irradiation is set at 3.6+0.4 um by allowing 
one light pulse of the pulse laser beam to pass at a time, and 
blocking two light pulses at a time. 

In Example 3, on the other hand, the modified regions were 
located close to each other, and cracks were formed between 
the modified regions in the Substrate. As a result, the cracks in 
the Surface formed S-shapes, and each region in which a crack 
was formed tended to become wider. This is supposedly 
because the power of the laser beam collected in each small 
region was too high. 

In Comparative Example 1, the conditions were not opti 
mized, and cracks were not formed in series in the Substrate 
surface. Therefore, it was impossible to evaluate the dicing 
force. 

Example 5 

According to the method of this embodiment, laser dicing 
was performed under the following conditions: 
Substrate to be processed: Sapphire substrate, 100 um in 

Substrate thickness 
Laser source: Nd:YVO laser 
Wavelength: 532 nm 
Irradiation energy: 90 mW 
Laser frequency 20 KHZ 
Number of irradiating light pulses (P1): 1 
Number of non-irradiating light pulses (P2): 1 
Stage moving Velocity: 25 mm/sec 

FIG. 16A shows the result of the laser dicing. The upper 
half of the drawing is an optical photograph of the upper 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

16 
surface of the substrate, and the lower half is an optical 
photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 
The upper optical photograph was taken by adjusting the 
focal point in the modified regions in the substrate. The lower 
optical photograph was taken by adjusting the focal point in 
the cracks in the surface of the substrate. 

Example 6 

Laser dicing was performed in the same manner as in 
Example 5, except that the "irradiation/non-irradiation' was 
1/2. FIG. 16B shows the result of the laser dicing. The upper 
half of the drawing is an optical photograph of the upper 
surface of the substrate, and the lower half is an optical 
photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 

Example 7 

Laser dicing was performed in the same manner as in 
Example 5, except that the "irradiation/non-irradiation' was 
2/2. FIG.16C shows the result of the laser dicing. The upper 
half of the drawing is an optical photograph of the upper 
surface of the substrate, and the lower half is an optical 
photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 

Example 8 

Laser dicing was performed in the same manner as in 
Example 5, except that the “irradiation/non-irradiation' was 
1/3. FIG. 16D shows the result of the laser dicing. The upper 
half of the drawing is an optical photograph of the upper 
surface of the substrate, and the lower half is an optical 
photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 

Example 9 

Laser dicing was performed in the same manner as in 
Example 5, except that the "irradiation/non-irradiation' was 
2/3. FIG.16E shows the result of the laser dicing. The upper 
half of the drawing is an optical photograph of the upper 
surface of the substrate, and the lower half is an optical 
photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 

Example 10 

Laser dicing was performed in the same manner as in 
Example 5, except that the "irradiation/non-irradiation' was 
2/3. FIG. 16F shows the result of the laser dicing. The upper 
half of the drawing is an optical photograph of the upper 
surface of the substrate, and the lower half is an optical 
photograph of the upper Surface of the Substrate at a lower 
magnification than that used in the upper optical photograph. 

In each of Examples 5 through 10, the irradiation energy of 
the pulse laser beam, the processing point depth, and the pitch 
of irradiation and non-irradiation were setas described above, 
so that the series of cracks were formed in the surface of the 
substrate to be processed, as shown in FIGS. 16A through 
16F. 

Particularly, under the conditions set in Example 8, rela 
tively linear cracks were formed in the surface of the substrate 
to be processed. The required dicing force was also small 
under the conditions set in Example 8. However, the cracks in 
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the Surface formed larger S-shapes, and each region in which 
a crack was formed tended to become wider, compared with 
the cases where the irradiation energy was 50 mW as in 
Examples 1 through 4. This is Supposedly because, in the case 
of 90 mW, the power of the laser beam collected in each small 
region was too high, compared with the case of 50 mW. 

Example 11 

According to the method of this embodiment, laser dicing 
was performed under the following conditions: 
Substrate to be processed: Sapphire substrate, 100 um in 

Substrate thickness 
Laser source: Nd:YVO laser 
Wavelength: 532 nm 
Irradiation energy: 50 mW 
Laser frequency 20 KHZ 
Number of irradiating light pulses (P1): 1 
Number of non-irradiating light pulses (P2): 2 
Stage moving Velocity: 25 mm/sec 
Processing point depth: about 15.2 um from the surface of the 

substrate to be processed 
Dicing was performed where the processing point depth 

was smaller than that is Example 1 by 10um, or the collecting 
position of the pulse laser beam was closer to the surface of 
the substrate to be processed than that in Example 1. 

FIG. 17A shows the result of the laser dicing. The photo 
graph was taken by adjusting the focal point in the modified 
regions in the Substrate. In the photograph, the line on the 
right-hand side indicates the cracks formed under the condi 
tions (+10 um) set in Example 11. For a comparison purpose, 
the cracks formed under the conditions with a different pro 
cessing point depth (0) set in Example 1 are shown on the 
left-hand side. 

Example 12 

Laser dicing was performed in the same manner as in 
Example 11, except that the "irradiation/non-irradiation was 
1/1. FIG. 17B shows the result of the laser dicing. 

Example 13 

Laser dicing was performed in the same manner as in 
Example 11, except that the "irradiation/non-irradiation was 
2/2. FIG. 17C shows the result of the laser dicing. 

Example 14 

Laser dicing was performed in the same manner as in 
Example 11, except that the "irradiation/non-irradiation was 
1/3. FIG. 17D shows the result of the laser dicing. 

Example 15 

Laser dicing was performed in the same manner as in 
Example 11, except that the "irradiation/non-irradiation was 
2/3. FIG. 17E shows the result of the laser dicing. 

In each of Examples 11 through 15, the irradiation energy 
of the pulse laser beam, the processing point depth, and the 
pitch of irradiation and non-irradiation were set as described 
above, so that the series of cracks were formed in the surface 
of the substrate to be processed, as shown in FIGS. 17A 
through 17E. 

However, compared with the cases of Examples 1 through 
4, larger cracks of the modified regions were exposed through 
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18 
the surface. The cracks in the surface formed S-shapes, and 
each region in which a crack was formed tended to become 
wider. 

Through the above described examples, it has become 
apparent that, by controlling the irradiation energy of the 
pulse laser beam, the processing point depth of the pulse laser 
beam, and the pitch of irradiation and non-irradiation with the 
pulse laser beam, the cracks can be formed in series in the 
Surface of the Substrate to be processed, and a laser dicing 
method that achieved excellent dicing properties can be pro 
vided. 

Example 16 

According to the method of this embodiment, laser dicing 
was performed under the following conditions: 
Substrate to be processed: Sapphire substrate, 100 um in 

Substrate thickness 
Laser source: Nd:YVO laser 
Wavelength: 532 nm 
Irradiation energy: 90 mW 
Laser frequency 20 KHZ 
Number of irradiating light pulses (P1): 1 
Number of non-irradiating light pulses (P2): 1 
Stage moving Velocity: 25 mm/sec 

Dicing was performed where the processing point depth 
was smaller than that is Example 5 by 10um, or the collecting 
position of the pulse laser beam was closer to the surface of 
the substrate to be processed than that in Example 5. 

FIG. 18A shows the result of the laser dicing. The photo 
graph was taken by adjusting the focal point in the modified 
regions in the Substrate. In the photograph, the line on the 
right-hand side indicates the cracks formed under the condi 
tions (+10 um) set in Example 16. For a comparison purpose, 
the cracks formed under the conditions with a different pro 
cessing point depth (0) set in Example 5 are shown on the 
left-hand side. 

Example 17 

Laser dicing was performed in the same manner as in 
Example 16, except that the "irradiation/non-irradiation was 
1/2. FIG. 18B shows the result of the laser dicing. 

Example 18 

Laser dicing was performed in the same manner as in 
Example 16, except that the "irradiation/non-irradiation was 
2/2. FIG. 18C shows the result of the laser dicing. 

Example 19 

Laser dicing was performed in the same manner as in 
Example 16, except that the "irradiation/non-irradiation was 
1/3. FIG. 18D shows the result of the laser dicing. 

Example 20 

Laser dicing was performed in the same manner as in 
Example 16, except that the "irradiation/non-irradiation was 
2/3. FIG. 18.E shows the result of the laser dicing. 

Example 21 

Laser dicing was performed in the same manner as in 
Example 16, except that the "irradiation/non-irradiation was 
1/4. FIG. 18F shows the result of the laser dicing. In each of 
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Examples 16 through 21, the irradiation energy of the pulse 
laser beam, the processing point depth, and the pitch of irra 
diation and non-irradiation were set as described above, so 
that the series of cracks were formed in the surface of the 
substrate to be processed, as shown in FIGS. 18A through 
18F. 

However, compared with the cases of Examples 5 through 
10, larger cracks of the modified regions were exposed 
through the surface. The cracks in the surface formed 
S-shapes, and each region in which a crack was formed 
tended to become wider. As a result, the diced portions also 
had S-shapes after the dicing. 

Through the evaluations on Examples 1 through 21 and 
Comparative Example 1, it has become apparent that, where 
the thickness of the substrate to be processed is 100 um, the 
conditions set in Example 1, which forms diced portions with 
excellent linearity as well as cracks with excellent linearity, 
and requires only a small dicing force, are the optimum con 
ditions. 

Example 22 

According to the method of this embodiment, laser dicing 
was performed under the following conditions: 
Substrate to be processed: Sapphire substrate, 150 um in 
Substrate thickness 
Laser source: Nd:YVO laser 
Wavelength: 532 nm 
Irradiation energy: 200 mW 
Laser frequency 200 KHZ 
Number of irradiating light pulses (P1): 1 
Number of non-irradiating light pulses (P2): 2 
Stage moving Velocity: 5 mm/sec 
Processing point depth: about 23.4 um from the surface of the 

substrate to be processed 
While the substrate to be processed is a 100-um thick 

Sapphire Substrate in each of Examples 1 through 21, the 
substrate to be processed is a 150-lum sapphire substrate in 
this example. FIG. 19A shows the result of the laser dicing. 
The upper half of the drawing is an optical photograph of a 
diced face of the substrate, and the lower half is a schematic 
view of the irradiation pattern in a cross-section surface of the 
substrate. The shaded portions (ON) indicate irradiated 
regions, and unshaded portions (OFF) indicate non-irradiated 
regions. 
The substrate to be processed had a reed-like shape of 

about 5 mm in width, and was irradiated with a pulse laser 
beam in a direction perpendicular to the extending direction 
of the reed-like shape, to form the cracks. After the cracks 
were formed, the dicing force required for dicing with a 
breaker was evaluated. 

Example 23 

Laser dicing was performed in the same manner as in 
Example 22, except that the "irradiation/non-irradiation was 
2/4. FIG. 19B shows the result of the laser dicing. 

Example 24 

Laser dicing was performed in the same manner as in 
Example 22, except that the "irradiation/non-irradiation was 
3/5. FIG. 19C shows the result of the laser dicing. 
The linearity of the cracks was almost the same between 

Examples 22 and 23, and the linearity of the diced portions 
seen after the dicing was almost the same between Examples 
22 and 23. The dicing force required for dicing was 2.39 to 
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20 
2.51 Nin Example 22, 2.13 to 2.80N in Example 23, and 1.09 
to 1.51 N in Example 24. As a result, it has become apparent 
that the required dicing force is the Smallest under the condi 
tions set in Example 24 in which “irradiation/non-irradiation 
is 3/5. Therefore, in a case where the thickness of the substrate 
to be processed is 150 um, the conditions set in Example 24 
are the optimum conditions. 

Through the above described examples, it has become 
apparent that optimum dicing properties can be achieved by 
controlling irradiation and non-irradiation with the pulse 
laser beam, as well as the irradiation energy of the pulse laser 
beam, the processing point depth of the pulse laser beam, and 
the like, in synchronization with the processing control clock 
signal with which the pulse laser beam is also synchronized, 
and the pulse laser beam is switched between irradiation and 
non-irradiation on a light pulse basis. 

In the above examples, the thickness of the substrate to be 
processed is 100 um or 150 lum. However, optimum dicing 
properties can also be achieved with a thicker substrate to be 
processed, such as a 200- or 250-lum thick substrate. 

(Second Embodiment) 
A dicing method according to this embodiment is a method 

of dicing a Substrate to be processed that has devices formed 
therein and also has a metal film formed on one surface 
thereof. The substrate to be processed is placed on a first 
stage, and the metal film is removed by metal processing with 
the use of a diamond tool. The substrate to be processed is 
then placedon a second stage. A clock signal is generated, and 
a pulse laser beam synchronized with the clock signal is 
emitted. Scanning in a one-dimensional direction with a pulse 
picker and a laser beam scanner is then performed on the 
surface of the object to be processed, while the pulse laser 
beam is Switched between passing and blocking in synchro 
nization with the clock signal. After the scanning is per 
formed with the pulse laser beam in the one-dimensional 
direction, the second stage is moved in a direction perpen 
dicular to the one-dimensional direction, and scanning with 
the pulse laser beam in the one-dimensional direction is fur 
ther performed, to form cracks that reach the substrate surface 
of the Substrate to be processed. Based on the Scanning posi 
tion signal sent from the laser beam scanner, the position of 
the processing origin point in each scanning operation is 
corrected by controlling the pulse picker to pass or block the 
pulse laser beam. 
The dicing method according to this embodiment is the 

same as the method according to the first embodiment, except 
that a pulse laser processing apparatus including a laser beam 
scanner is used. Therefore, explanation of the same aspects as 
those of the first embodiment will not be repeated. 
The pulse laser processing apparatus of this embodiment 

synchronizes pulses of a laser oscillator, Scanning by the laser 
beam scanner, and passing and blocking of a pulse laser 
beam, directly or indirectly with the same clock signal. By 
maintaining synchronization between the laser system and 
the beam scan system, the accuracy of positioning irradiation 
spots of the pulse laser beam is increased. 

Further, passing and blocking of the pulse laser beam can 
be controlled, based on the number of light pulses of the pulse 
laser beam. With this arrangement, Synchronization can be 
readily maintained among the pulses of the laser oscillator, 
the scanning by the laser beam scanner, and the passing and 
blocking of the pulse laser beam. Also, the structure of the 
control circuit can be simplified. The pulse laser processing 
apparatus of this embodiment can further increase the accu 
racy of positioning irradiation spots of the pulse laser beam, 
and readily realize stable fine processing and high-speed pro 
cessing of the Surface of the object to be processed. 
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FIG. 20 is a diagram showing the structure of the pulse 
laser processing apparatus according to this embodiment. The 
pulse laser processing apparatus 10 according to this embodi 
ment includes the following main components: a laser oscil 
lator 12, a pulse picker 14, a beam shaper 16, a laser beam 
scanner 19, an XY stage unit 20, a pulse picker controller 24, 
and a processing controller 26. The processing controller 26 
includes a reference clock oscillator circuit 28 that generates 
a desired clock signal S1. 
The laser oscillator 12 is designed to emit a pulse laser 

beam PL1 synchronized with the clock signal S1 generated 
by the reference clock oscillation circuit 28. The laser oscil 
lator 12 preferably oscillates apicosecond (ps) laser beam or 
a femtosecond (fs) laser beam that is an ultrashort pulse. 
The wavelength of the laser emitted from this laser oscil 

lator 12 is determined by taking into consideration the optical 
absorptance, optical reflectance, and the like of the object 
(substrate to be processed) to be processed. 
The pulse picker 14 is provided in the light path between 

the laser oscillator 12 and a laser beam scanner 19. The pulse 
picker 14 is designed to switch the object to be processed (the 
workpiece W) between processing and non-processing by 
Switching the pulse laser beam PL1 between passing and 
blocking (ON/OFF) in synchronization with the clock signal 
S1. In this manner, switching on and off of the pulse laser 
beam PL1 is controlled to process the object through the 
operation of the pulse picker 14, and the pulse laser beam PL1 
turns into a modulated pulse laser beam PL2. 

The pulse picker 14 is preferably formed by an acousto 
optic modulator (AOM), for example. Alternatively, an elec 
tro-optic modulator (EOM) of a Raman diffraction type may 
be used. 

The beam shaper 16 turns the incoming pulse laser beam 
PL2 into a pulse laser beam PL3 shaped into a desired form. 
For example, the beam shaper 16 may be a beam expander 
that enlarges a beam diameter at a certain rate. Alternatively, 
an optical device Such as a homogenizer that uniforms the 
optical intensity distribution in the beam cross-section Sur 
face may be provided. Also, a device that rounds the beam 
cross-section, oran optical device that circularly polarizes the 
beam may be provided. 

The laser beam scanner 19 is designed to apply the pulse 
laser beam PL4 only in a one-dimensional direction in Syn 
chronization with the clock signal S1. By applying the pulse 
laser beam PL4 in synchronization signal S1 as described 
above, the accuracy of positioning irradiation spots of the 
pulse laser beam is increased. 
The accuracy of positioning the irradiation spots of the 

pulse laser beam can also be increased by performing only 
one-dimensional scanning. This is because a laser beam scan 
ner that performs two-dimensional scanning is poorer in the 
beam positioning accuracy than a laser beam Scanner that 
structurally performs only one-dimensional scanning. 
The laser beam scanner 19 may be a galvanometer scanner 

that includes a uniaxial scan mirror, for example. FIG. 21 is a 
diagram for explaining the laser beam Scanner including a 
galvanometer scanner. 
The galvanometer Scanner includes a uniaxial scan mirror 

29, a galvanometer 31, and a laser beam scanner controller32. 
Here, the galvanometer 31 includes a drive mechanism for 
scan mirror rotations such as servo control through feedbacks 
from a scan angle sensor 36, for example. 
A scan instruction signal S2 synchronized with the clock 

signal S1 is sent from the processing controller 26. The gal 
vanometer 31 is designed to be driven and controlled by a 
drive signal S3 sent from the laser beam scanner controller 32 
based on the scan instruction signal S2. The galvanometer 
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22 
scanner applies the pulse laser beam PL3 totally reflected 
from the uniaxial scan mirror 29 in synchronization with the 
rotational movement (Swinging) of the scan mirror as indi 
cated by arrows in FIG. 21. 
The laser beam Scanner 19 includes the scan angle sensor 

36. In the galvanometer scanner, the rotational position of the 
uniaxial scan mirror 28 is detected by a rotary encoder or the 
like. The scan angle sensor 36 sends a detected scan angle 
detection signal S4 to the laser beam scanner controller 32, so 
that the scan angle detection signal S4 is used for controlling 
the galvanometer 31. Based on the scanangle detection signal 
S4, the laser beam Scanner controller 32 also transmits a scan 
angle signal S5 as a scan position signal to the processing 
controller 26. 
The pulse laser beam PL3 reflected from the uniaxial scan 

mirror 29 passes through a fe) lens 34, and turns into a pulse 
laser beam PL4 that has a height H=ft) and is applied in a 
one-dimensional direction in parallel at a constant Velocity V. 
for example. As the irradiation pulse light for fine-processing 
the surface of the workpiece W held on the XY stage unit 20, 
the pulse laser beam PL4 is projected onto the workpiece W. 

Instead of the galvanometer scanner, a polygon Scanner, a 
piezo Scanner, a resonant Scanner, or the like may be used as 
the laser beam scanner 19. 

To increase the processing accuracy, it is essential that any 
one of the above laser beam Scanners is designed to perform 
a control operation to maintain the constant Scanning Velocity 
V in the processing span. FIG. 22 is a diagram for explaining 
the scanning by the laser beam scanner 19 of the pulse laser 
processing apparatus according to this embodiment. As 
shown in FIG.22, the positional range between the scan start 
position and the scan end position in the scan angle range of 
the scan mirror includes an acceleration period, a stabilized 
Zone, and a deceleration period. To increase the processing 
accuracy, it is essential that the apparatus is designed to per 
form a control operation to maintain the constant scanning 
velocity V in the stabilized Zone that contains the actual 
processing span. 
The XY stage unit 20 can have the workpiece W placed 

thereon, and includes: an XY stage that can freely move in the 
XY directions including a direction perpendicular to the one 
dimensional direction in which the scanning with the pulse 
laser beam is performed; a drive mechanism for driving the 
XY stage; and a position sensor Such as a laser interferometer 
that measures the position of the XY stage. The XY stage can 
move continuously or stepwise in a wide two-dimensional 
area or an X-direction and Y-direction distance range of 
approximately 1 m. The XY stage is designed to have high 
positioning accuracy and a displacement error on the order of 
Submicrons. 
The processing controller 26 is formed by hardware such as 

a microcomputer (MCU) formed by a semiconductor inte 
grated circuit, a microprocessor (MPU), a digital signal pro 
cessor (DSP), a semiconductor memory, or a circuit Substrate, 
or by a combination of the hardware and software. The pro 
cessing by the pulse laser processing apparatus is collectively 
controlled. 

FIG. 23 is a diagram for explaining the processing control 
ler 26 of the pulse laser processing apparatus according to this 
embodiment. The processing controller 26 includes a laser 
system/beam-Scan-system controller 36, a processing data 
setting unit 38, and a processing pattern generator 40. 
The laser-system/beam-scan-system controller 36 controls 

the laser system including the laser oscillator 12 and the pulse 
picker 14, and the beam scan system including the laser beam 
scanner 19. The laser-system/beam-scan-system controller 
36 includes a laser-system/beam-Scan-system conditions set 

42



US 8,895,345 B2 
23 

ting unit 68 that sets conditions for the laser system and the 
beam scan system, and a reference clock oscillation circuit 28 
that generates the clock signal S1 for maintaining the Syn 
chronization between the laser system and the beam scan 
system. To maintain the synchronization between the laser 
system and the beam scan system, the laser-system/beam 
scan-System controller 36 also includes a phase synchronizer 
circuit 42, the laser beam scanner control circuit 32, a syn 
chronizing position setting unit 44, and a synchronization 
detector circuit 46. 
The processing pattern generator 40 converts processing 

data that is input from outside to the processing pattern gen 
erator 40 into parameter data corresponding to the actual 
processing. The processing data that is input to the processing 
data setting unit 40 contains designated three-dimensional 
shapes, the sizes of the shapes, the number of the shapes, the 
layout of the shapes, the material of the workpiece, and the 
size of the workpiece, for example. 

FIG. 24 is a diagram for explaining the processing pattern 
generator 40 of the pulse laser processing apparatus accord 
ing to this embodiment. The processing pattern generator 40 
includes a processing data analyzer 48 that analyzes the pro 
cessing data that is input to the processing data setting unit 38. 
The processing pattern generator 40 also includes a table 
generator 49 that generates a processing table and a stage 
movement table, based on the analysis made by the process 
ing data analyzer 48. In the processing table, standby lengths, 
processing lengths, and non-processing lengths in processing 
patterns are written based on the numbers of light pulses of 
pulse laser beams. That is, the table generator 49 generates the 
processing table, based on the processing lengths and non 
processing lengths in the processing data and the spot diam 
eters of pulse laser beams. In the stage movement table, 
moving distances of the XY stage in processing patterns are 
written. 

The processing pattern generator 40 also includes a pulse 
picker processing table unit 50 that holds the processing table. 
The processing pattern generator 40 further includes a stage 
movement table unit 52 that holds the stage movement table. 
The processing table and the stage movement table may indi 
cate device configurations generated inside the processing 
pattern generator 40 as described above, or may indicate 
device configurations generated outside the processing pat 
tern generator 40 and the pulse laser processing apparatus 10. 

The processing pattern generator 40 also includes a pro 
cessing origin (SYNC) register 54 (hereinafter also referred 
to simply as the processing origin register) to which the 
information about a processing origin point is input from the 
pulse picker processing table unit 50. The processing pattern 
generator 40 further includes a standby length register 56, a 
processing length register 58, and a non-processing length 
register 60 to which the information about a standby length, a 
processing length, and a non-processing length is input from 
the pulse picker processing table unit 50. 

The values held by the processing origin register 54, the 
standby length register 56, the processing length register 58, 
and the non-processing length register 60 are input to a pro 
cessing pattern signal generator 62, and are then sent to the 
pulse picker controller 24. Based on the data sent from the 
stage movement table unit 52, a movement signal generator 
64 generates a stage movement signal S15, and then outputs 
the stage movement signal S15 to a stage controller 66. 

The data generated by the processing pattern generator 40 
is also output to the laser-system/beam-Scan-system control 
ler 36, and is used for maintaining the synchronization 
between the laser system and the beam scan system. 
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FIG. 25 is a diagram for explaining the processing pattern 

signal generator 62 of the pulse laser processing apparatus 
according to this embodiment. The processing pattern signal 
generator 62 includes a processing origin counter 70, a 
standby length counter 72, a processing length counter 74. 
and a non-processing length counter 76. Those counters are 
made to start counting by a counter control signal S8 that is 
output from a timing generator circuit 88. 
The processing pattern signal generator 62 also includes a 

processing origin point comparator 80, a standby length com 
parator 82, a processing length comparator 84, and a non 
processing length comparator 86 that have the functions to 
compare the values held by the respective registers and 
respective counters. When the values held by the registers and 
counters match, those comparators output match signals a 
through d to the timing generator circuit 88. 

Based on a synchronization detection signal S9, the match 
signals a through d, and a scan ending code that are input, the 
timing generator circuit 88 outputs an output control signal 
S10 to a processing pattern output circuit 90. 

Based on the output from the processing length comparator 
84 and the output control signal S10 supplied from the timing 
generator circuit 88, the processing pattern output circuit 90 
generates a processing pattern signal S7. 

Based on repetition frequency input data about the pulse 
laser beam, the processing controller 26 generates in the 
reference clock oscillation circuit 28 an oscillator clock (the 
clock signal) S1 to be supplied to the laser oscillator 12. 
Based on the oscillator clock S1, the laser oscillator 12 gen 
erates the pulse laser beam. That is, the pulse laser beam 
synchronized with the clock signal S1 is emitted. 
When a processing start instruction is issued, the pulse 

laser beam PL is emitted by opening a built-in shutter. When 
the pulse laser beam PL is emitted in this manner, a first pulse 
does not exist, and a stable output energy is maintained. 

Based on the above described two-dimensional processing 
data, the processing controller 26 also generates the process 
ing pattern signal S7. In accordance, with the processing 
pattern signal S7, the pulse picker controller 24 Supplies a 
pulse picker drive signal S6 synchronized with the pulse laser 
beam PL by the clock signal S1 to the pulse picker 14. In this 
manner, the pulse picker 14 Switches the pulse laser beam 
between passing and blocking in Synchronization with the 
clock signal S1. 
When the scanning by the laser beam scanner 19 is started, 

the processing controller 26 generates the scan instruction 
signal S2 synchronized with the clock signal S1. The laser 
beam scanner controller 32 for the laser beam scanner 19 
receives the scan instruction signal S2, and then performs a 
drive control operation on the laser beam scanner 19. In this 
manner, the laser beam scanner 19 applies the pulse laser 
beam only in a one-dimensional direction in synchronization 
with the clock signal S1. 

Further, based on the scan angle signal S5 as a scan position 
signal from the laser beam scanner 19, the processing con 
troller 26 determines the movement timing of the XY stage 
unit 20, and generates a stage movement signal S15 based on 
the two-dimensional processing data and the movement tim 
ing. The scan angle signal S5 is generated from the scan angle 
detection signal S4 formed by the scan angle sensor 36 detect 
ing the processing end position in which the processing illus 
trated in FIG. 22 ends or the scan end position in which the 
scanner operation ends. The XY stage unit 20 moves inaccor 
dance with the stage movement signal S15. 

Based on the scan position signal from the laser beam 
scanner 19, the movement of the XY stage is controlled to be 
in a direction perpendicular to the scanning direction of the 
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laser beam scanner 19, for example. In this manner, the time 
required for moving on to the next scanning is shortened, and 
the speed of the laser beam processing is made even higher. 

In this embodiment, a correction mechanism preferably 
corrects the processing origin position for each scanning 
operation, based on the scan position signal from the laser 
beam scanner 19. With this correction mechanism, a scan 
Velocity variation among the acceleration periods (see FIG. 
22) in respective scanning operations by the laser beam scan 
ner is compensated for, and processing can be performed with 
even higher precision. 

In FIG. 20, the processing controller 26 may control the 
beam shaper 14. Such a case is particularly effective where 
the beam shaper 14 spontaneously controls the beam diam 
eter or adjusts the light intensity distribution in the beam 
cross-section Surface. 

Next, the principal operations of the pulse laser processing 
apparatus 10 are described. In a laser processing operation for 
the workpiece W, the laser oscillator 12 has most of its laser 
oscillations controlled by a controller installed therein. 
Accordingly, the laser oscillator 12 autonomously operates. 
However, the pulse oscillating timing and the like are con 
trolled by the above described reference clock oscillation 
circuit 28. This aspect is now described, with reference to 
FIGS. 26A and 26B. 
The uniaxial scan mirror 29 of the galvanometer scanner 

shown as an example of the laser beam scanner 19 in FIG. 21 
starts Scanning in the scan start position (the scan origin point) 
illustrated in FIG. 22, in accordance with a scan activation 
signal. At this point, the laser beam Scanner 19 receives an 
instruction through the scan instruction signal S2 synchro 
nized with rising edges (or falling edges) of the clock signal 
S1 as shown in FIG. 26A, and the laser beam scanner con 
troller32 performs a drive control operation on the galvanom 
eter 31. Here, according to XY2-100 protocols, the scan 
instruction signal S2 complies with an absolute scan angle 
instruction at 100 kHz (Ts=10 usec), for example. 

FIG. 26A shows an example of the scan instruction signal 
S2 synchronized with rising edges of the clock signal S1 at the 
time of scan activation in a case where the pulse laser oscil 
lation frequency is 500 kHz (Tp=2 usec), the beam diameter 
of the pulse laser beam is 16 um, and the Scanning Velocity V 
is 4000 mm/sec. Such an operation is performed for each 
scanning operation with the pulse laser beam. 

In the acceleration period shown in FIG.22, the laser beam 
scanner controller 32 performs a drive control operation on 
the galvanometer 31 in accordance with the scan instruction 
signal S2, so that the Scanner speed becomes equal to the 
stable Scanning Velocity V in an early stage. It has been 
empirically confirmed that, at this point, the scan angle repeti 
tive reproducibility of the uniaxial scan mirror 29 under opti 
mum conditions is approximately 10 urad/p-p in the stabi 
lized Zone. This value is translated into the scan position 
reproducibility of 1 um/p-p in a case where a ft) lens of 100 
mm in focal length is used. 

However, the repetitive reproducibility in the acceleration 
period becomes about 10 times lower over long-time scan 
ning. As a result, a displacement occurs in the processing start 
position in each scanning operation. Therefore, based on the 
scan position signal (the scan angle signal S5) from the laser 
beam scanner 19, the processing origin position in each scan 
ning operation is corrected by the correction mechanism. 

For example, in a sufficiently stabilized Zone (the scan 
angle range is empirically about 2.3 to 3.4 degrees where the 
acceleration period is 1 to 1.5 msec, and a fe) lens of 100 mm 
in focal length is used) after the acceleration period, a syn 
chronization angle (0sy) that is set beforehand as shown in 
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FIG. 26B is detected as a detection signal by the scan angle 
sensor 36. In that case, the difference from the scan instruc 
tion signal (0o: the scan angle in the scan start position) is set 
as the phase difference (0i), and the distance to the processing 
origin point with respect to the scan instruction signal S2 is 
corrected with the phase difference. 
The correction value of the distance to the processing ori 

gin point is stored, with the value in the first scanning opera 
tion (i-1) being the reference correction value at the time of 
processing. In every nth scanning operation from the scan 
start position (in), the difference between the first phase 
difference (On) and the phase difference (01) is used as the 
correction value of the distance to the processing origin point 
with respect to the scan instruction signal in the nth scanning 
operation compared with the first scanning operation, so that 
the processing origin position in the nth scanning operation is 
made equal to the processing origin position in the first scan 
ning operation. 
The processing pattern signal S7 shown in FIG. 27 is based 

on a three-dimensional bitmap, including the data about the 
distance from the processing origin point. Therefore, when 
the processing origin positions match in respective scanning 
operations, the processing start positions of the processing 
pattern signal S7 also match, and the pulse picker drive signal 
S6 is also generated at a desired time. 

In a case where the laser beam scanner 19 is formed by the 
galvanometer Scanner illustrated in FIG. 21, a scanner clock 
signal serves as a drive signal sent from the laser beam scan 
ner controller 32, and drives a servo control motor. However, 
phase shifting might occur in the laser beam Scanner 19, due 
to autonomous operations thereof. Therefore, the passing/ 
blocking of oscillated pulse light is synchronized with scan 
ning operations by a synchronization angle detection signal 
serving as a scan position signal generated in each repeated 
scanning operation. In this manner, timing matching is per 
formed, and very stable laser processing can be performed. 

It is preferable to control passing and blocking of the pulse 
laser beam at the pulse picker 14, based on the scan position 
signal from the laser beam scanner 19. Specifically, the cor 
rection mechanism controls the passing and blocking of the 
pulse laser beam at the pulse picker 14, based on the scan 
position signal (the scan angle signal S5), for example. That 
is, the timing of the drive signal of the pulse picker 14 is 
determined based on the phase difference detected from the 
scan position signal in the synchronizing position (angle) 
detection of the rotational position of the scan mirror. In this 
manner, the processing origin position in each scanning 
operation with the pulse laser beam is corrected. 

Alternatively, the correction mechanism Supplies the dis 
tance correction value obtained from the phase difference 
detected from the scan position signal, to each scan instruc 
tion signal generated after the scan instruction signal for the 
laser beam scanner 19 with respect to the scan angle 0o in the 
scan start position. By doing so, the correction mechanism 
corrects the processing origin position in each scanning 
operation with the pulse laser beam. 

Through the pulse picker operation, the pulse laser beam is 
Subjected to pulse frequency modulation, and desired modu 
lated pulse light is generated. This aspect is now described, 
with reference to FIG. 27. 
As shown in FIG. 27, the pulse laser beam PL1 having a 

delay t1 from the clock signal S1 at a frequency Tp is switched 
between passing and blocking by the pulse picker drive signal 
S6. For example, the pulse picker drive signal S6 is a pattern 
signal that samples the processing pattern signal S7 at a rising 
edge of the clock signal S1, rises time t2 after the rising of one 
clock of the clock signal S1, and falls time t3 after the rising 
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of the clock a predetermined number of clocks after the one 
clock. An operation of the pulse picker 14 is then performed 
in accordance with delay times ta and t5 based on the pulse 
picker drive signal S6, and the pulse laser beam PL1 during 
the operation is extracted as the modulated pulse laser beam 
PL2. Here, the above delay times t2, t3, tak, and t5 are set in 
conformity with the pulse picker 14. 

In a case where the pulse picker 14 is an acousto-optic 
modulator (AOM), the inverted pattern signal of the pulse 
picker drive signal S6 serves as the driver signal for control 
ling ON/OFF of oscillation at an ultrasonic generation con 
troller. The desired oscillated pulse light is then extracted by 
the driver signal having the inverted pattern. 

Also, as described above, the scan position signal (the scan 
angle signal S5) from the laser beam scanner 19, or the scan 
position signal in the processing end position in the rotary 
position of the scan mirror, designates the movement timing 
of the XY stage unit 20. If the X-axis direction is the one 
dimensional scanning direction of the laser beam Scanner 19, 
the XY stage is moved in a stepwise manner with a predeter 
mined width or in a continuous manner in the Y-axis direction 
with the above mentioned movement timing. Alternatively, 
the XY stage is moved in a continuous manner or in a stepwise 
manner over a predetermined distance in the X-axis direction. 
In this manner, the movement of the XY stage is controlled in 
accordance with a predetermined movement pattern. 

For example, the modulated pulse laser beam PL2 gener 
ated based on the pulse picker operation pattern has pulse 
light shaped into a desired form by the beam shaper 16. The 
laser beam scanner 19 then performs the X-axis direction 
scanning, and the XY stage unit 20 moves the position of the 
workpiece W in the Y-axis direction. Accordingly, the irra 
diation pulse light is projected onto the workpiece W in a 
desired position, and high-precision fine processing is per 
formed on the surface of the workpiece W. The durations of 
respective pulse picker operations according to the pulse 
picker operation pattern and the time intervals between the 
respective operations may vary. 

Next, a pulse laser processing method using the above 
described pulse laser processing apparatus 10 is described. 
According to this pulse laser processing method, after the 
metal film is removed, an object to be processed (a Substrate 
to be processed or a workpiece) is placed on a stage, and a 
clock signal is generated. A pulse laser beam synchronized 
with the clock signal is emitted, and the pulse laser beam 
synchronized with the clock signal is applied onto the Surface 
of the workpiece in a one-dimensional direction. After the 
pulse laser beam is applied in the one-dimensional direction, 
the stage is moved in a direction perpendicular to the one 
dimensional direction, and the pulse laser beam is further 
applied in the one-dimensional direction in Synchronization 
with the clock signal. When the pulse laser beam is applied in 
the one-dimensional direction, the pulse laser beam is 
Switched between irradiation and non-irradiation in Synchro 
nization with the clock signal, based on the number of light 
pulses of the pulse laser beam. 

FIGS. 26A and 26B are signal waveform charts for 
explaining timing control performed in the pulse laser pro 
cessing apparatus according to this embodiment. When the 
workpiece W placed on the stage is processed, the laser oscil 
lator 12 has most of laser oscillations controlled by a control 
ler installed therein, and autonomously operates. However, 
the pulse oscillation timing is controlled by the clock signal 
S1 at the frequency Tp generated by the reference clock 
oscillation circuit as shown in FIG. 26A, and the pulse laser 
beam PL1 at the frequency Tp synchronized with the clock 
signal S1 is emitted. 
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Based on the scan activation signal S11, the laser beam 

scanner 19 starts Scanning in the scan start position (the scan 
origin point) shown in FIG. 18. At this point, the laser beam 
scanner 19 receives an instruction through the scan instruc 
tion signal S2 at a frequency Ts that is generated by the 
processing controller 26 and is synchronized with rising 
edges (or falling edges) of the clock signal S1 as shown in 
FIG. 26A. Based on the scan instruction signal S2, the laser 
beam scanner controller 32 performs a drive control operation 
on the galvanometer 31. 

In this manner, the laser beam scanner 19 applies the pulse 
laser beam in a one-dimensional direction in Synchronization 
with the clock signal S1. At this point, the pulse laser beam is 
Switched between irradiation and non-irradiation, to form a 
pattern in the surface of the workpiece W. It should be noted 
that, according to XY2-100 protocols, the scan instruction 
signal S2 complies with an absolute scan angle instruction at 
100 kHz (Ts=10 usec), for example, with the reference being 
the position of the scan angle of “Zero degree of the galva 
nometer 31. 

FIG. 26A shows an example of the scan instruction signal 
S2 synchronized with rising edges of the clock signal S1 at the 
time of scan activation in a case where the pulse laser oscil 
lation frequency is 500 kHz (Tp=2 usec), the beam diameter 
of the pulse laser beam is 16 um, and the scanning Velocity V 
is 4000 mm/sec. 

After the pulse laser beam is applied in the one-dimen 
sional direction, the stage is moved in a direction perpendicu 
lar to the above mentioned one-dimensional direction, and the 
pulse laser beam is further applied in the one-dimensional 
direction in Synchronization with the clock signal. In this 
manner, the application of the pulse laser beam in the one 
dimensional direction and the moving of the stage in the 
direction perpendicular to the one-dimensional direction are 
alternately performed. 

Here, the scan angle signal S5 serving as the scan position 
signal from the laser beam scanner 19 designates the move 
ment timing of the XY stage unit 20. If the X-axis direction is 
the one-dimensional scanning direction of the laser beam 
scanner 19, the XY stage is moved in a stepwise manner with 
a predetermined width or in a continuous manner in the Y-axis 
direction with the above mentioned movement timing. After 
that, the pulse laser beam is applied in the X-direction. 

In the acceleration period shown in FIG. 22, the laser beam 
scanner 19 is controlled by the scan instruction signal S2, so 
that the Scanning speed becomes equal to the stable scanning 
Velocity V in an early stage. It is empirically apparent that the 
scan angle repetitive reproducibility of the uniaxial scan mir 
ror 29 under optimum conditions is approximately 10 urad/ 
p-p in the stabilized Zone. This value is translated into the scan 
position reproducibility of 1 um/p-p in a case where aft) lens 
of 100 mm in focal length is used. 

However, the repetitive reproducibility in the acceleration 
period becomes about 10 times lower over long-time scan 
ning. As a result, the position of the processing origin point 
shown in FIG. 22 might vary in each scanning operation. 
Therefore, in a sufficiently stabilized Zone, a synchronization 
angle (0sy) for achieving synchronization between the oscil 
lation of the pulse laser beam PL1 and the beam scan is set. 
The scan angle range required for reaching a Sufficiently 
stabilized Zone is about 2.3 to 3.4 degrees where the accel 
eration period is 1 to 1.5 msec, and a ft) lens of 100 mm in 
focal length is used, for example. 

This synchronization angle is detected by the scan angle 
sensor 36, as shown in FIG. 26B. When the synchronization 
angle is detected, the phase difference (0i) from the scan 
instruction signal S2 corresponding to the scan angle 0 in the 
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scan start position is determined. The distance to the process 
ing origin point with respect to the scan instruction signal S2 
is then corrected based on the phase difference 0,. 
The correction value of the distance to the processing ori 

gin point is stored, with the value in the first scanning opera 
tion (i=1) being the reference correction value at the time of 
processing. In every nth scanning operation from the scan 
start position (in) to be performed later, the difference 
between the phase difference (0) and the phase difference 
(0) is used as the correction value of the distance to the 
processing origin point with respect to the scan instruction 
signal S2 in the nth scanning operation compared with the 
first scanning operation. The obtained distance correction 
value is then Supplied to each scan instruction signal (S2) 
generated after the scan instruction signal (S2: the absolute 
scan angle instruction) with respect to the scan angle 0 in the 
scan start position. In this manner, the processing origin posi 
tion is corrected. Accordingly, even if the scanning Velocity of 
the laser beam scanner 19 varies in the acceleration period, 
the processing origin position in the nth scanning operation 
can be made equal to the processing origin position in the first 
Scanning operation. 
As described above, after the pulse laser beam is applied in 

a one-dimensional direction, the stage is moved in a direction 
perpendicular to the above mentioned one-dimensional direc 
tion, and the pulse laser beam is further applied in the one 
dimensional direction in Synchronization with the clock sig 
nal S1. In this manner, the processing origin positions of 
respective scanning operations become the same, and the 
processing accuracy becomes higher. 
When the pulse laser beam is applied in the one-dimen 

sional direction, the pulse laser beam is switched between 
irradiation and non-irradiation in Synchronization with the 
clock signal S1, based on the number of light pulses of the 
pulse laser beam. Irradiation and non-irradiation with the 
pulse laser beam are controlled by the pulse picker 14. 
The parameters shown in FIG. 18 are: 

S: distance from the synchronization angle detecting posi 
tion to the workpiece 

W: length of the workpiece 
W: distance from an end of the workpiece to the processing 

origin point 
W: processing span 
W: distance from the processing end to the other end of the 

workpiece 
Here, the following relationship is established: 

processing origin point Synchronization angle detect 
ing position-S+W 

Since the workpiece is placed in a fixed position on the stage, 
S. also represents a fixed distance. Further, the processing 
origin point on the workpiece (hereinafter also referred to as 
the processing origin point (SYNC)) having the synchroniza 
tion angle detecting position as the reference is also expressed 
aS 

processing origin point (SYNC)=S+W, 

The processing origin point (SYNC) is managed by perform 
ing the above described correction, and processing is always 
started from the same position in respective scanning opera 
tions. It should be noted that, as shown in FIG. 18, actual 
processing is performed within the processing span (W). 

For example, in a case where scanning is performed with a 
beam spot diameter D (Lm) and a beam frequency F (kHz), 
the processing Velocity V (m/sec) is expressed as: 
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where the beam irradiation position is moved 1/n of the spot 
diameter at a time. 

In a case where processing is performed by controlling 
light pulses with the pulse picker 14, the pulse picker drive 
signal S6 generated by the pulse picker 14 can define the area 
in which processing is actually performed, and define the 
repetitive processing pitch from the non-processing length. 
Where L represents the processing length, and the L2 repre 
sents the non-processing length, the processing length regis 
ter can be set as follows, based on the number of light pulses 
of the pulse laser beam: 

number of processing pulses (L1/(D/n))-1 

The non-processing length register can be set as follows: 
number of non-processing pulses (L2. (D/n)}+1 

Also, the length from the processing origin point (SYNC) 
to the position in which actual processing is started is defined 
as the standby length, so that the start position for each pro 
cessed shape is set. Where L represents the standby length, 
the processing origin point (SYNC) register can be set as 
follows: 

number of processing origin point (SYNC) light 
pulses=(S+W)/(D/n) 

The standby length register can be set as follows: 
number of standby length light pulses=L/(D/n) 

It should be noted that the values set in the respective 
registers for the processing length, the non-processing length, 
the standby length, and the processing origin point (SYNC) 
are the numbers of light pulses corresponding to the respec 
tive lengths. The numbers of light pulses are the values to 
which the number of correcting light pulses determined 
beforehand based on the beam profile to be used is added. 
The above register set values are managed with the number 

of light pulses to be applied. The processing standby Zone 
after each synchronization angle detection is also managed 
with the number of light pulses. By managing the pulse picker 
14 with the number of light pulses, the synchronization 
between the reference clock signal S1 and the pulse picker 14 
can be easily maintained, and stable repetitiveness is secured. 
By maintaining the synchronization between the clock signal 
S1 and the pulse picker 14, high-precision laser processing 
can be readily realized. 

FIG. 27 is a signal waveform chart for explaining timing 
control performed through a pulse picker operation in the 
pulse laser processing apparatus according to this embodi 
ment. The processing pattern signal S7 that is generated from 
processing data and is managed with the number of light 
pulses is output from the processing pattern output circuit 62 
of the processing pattern signal generator 40. 
As shown in FIG. 27, the pulse laser beam (PL1) having a 

delay t from the clock signal S1 at a frequency Tp is Switched 
between passing and blocking, based on the pulse pickerdrive 
signal S6. It should be noted that the synchronization between 
the Scanning by the laser beam scanner 19 and the passing and 
blocking of the pulse laserbeam is achieved by synchronizing 
the timing to generate the scan instruction signal (S2) with the 
clock signal (S1). 

For example, the pulse picker drive signal S6 samples the 
processing pattern signal S7 at a rising edge of the clock 
signal S1. The pulse picker drive signal S6 then rises time t 
after the rising of one clock of the clock signal S1. After the 
number of clocks equivalent to a predetermined number of 
pulses, the processing pattern signal S7 in an inactive state is 
sampled at a rising edge of the clock signal S1, and the pulse 
picker drive signal S6 falls with a delay time t. 
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An operation of the pulse picker 14 is then performed in 
accordance with delay times t and ts based on the pulse 
picker drive signal S6. Through the operation of the pulse 
picker 14, the pulse laser beam (PL1) during the operation is 
extracted as the modulated pulse laser beam (PL2). 
The embodiments of the present invention have been 

described so far through specific examples. However, the 
present invention is not limited to those specific examples. In 
the embodiments, the aspects not particularly essential in the 
description of dicing methods and dicing apparatuses and the 
like according to the invention have not been described. How 
ever, any components for dicing methods and dicing appara 
tuses and the like may be selected and used as needed. 

Also, all dicing methods that include the components 
according to the invention and can be designed and modified 
by those skilled in the art should be included in the scope of 
the invention. The scope of the invention is defined by the 
claims and equivalents thereof. 

For example, the Substrate to be processed is a Sapphire 
substrate having LEDs formed therein in the above described 
embodiments. A substrate Such as a Sapphire Substrate that is 
hard, is poor in cleavability, and is difficult to dice is useful in 
the present invention. However, the substrate to be processed 
may be a semiconductor material Substrate Such as a SiC 
(silicon carbide) Substrate, a piezoelectric material Substrate, 
a glass Substrate, or the like. 

Also, in the above embodiments, the number of irradiating 
light pulses (P1) is 2, and the number of non-irradiating light 
pulses (P2) is 1. However, the values of P1 and P2 may be any 
values for setting optimum conditions. In the above embodi 
ments, irradiation and non-irradiation with the irradiating 
light pulse are repeated at the pitch equivalent to the spot 
diameter. However, the pitch of irradiation and non-irradia 
tion may be changed by changing the pulse frequency or the 
stage moving Velocity, so as to set optimum conditions. For 
example, the pitch of irradiation and non-irradiation may be 
equivalent to 1/n of the spot diameter or may be n times 
greater than the spot diameter. 

Particularly, in a case where the substrate to be processed is 
a sapphire substrate, the irradiation energy is set at 30 to 150 
mW or lower, and the pulse laser beam is allowed to pass in 
every 1 to 4 light pulses and is blocked in every 1 to 4 light 
pulses. With this arrangement, the pitch of irradiation 
becomes 1 to 6 Lim. Accordingly, cracks that excel in conti 
nuity and linearity can be formed in the surface of the sub 
strate to be processed. 
The dicing processing pattern may be changed into various 

dicing processing patterns by providing two or more irradi 
ated region registers and two or more non-irradiated region 
registers, or changing the values set in the irradiated region 
registers and the non-irradiated region registers in real time to 
desired values whenever needed. 

Also, in the above described embodiments, the laserdicing 
apparatus includes a processing table unit that stores a pro 
cessing table in which dicing processing data is described as 
the numbers of light pulses in pulse laser beams. However, 
Such a processing table unit may not be provided, as long as 
the apparatus includes a structure that controls passing and 
blocking of a pulse laser beam with a pulse picker on a light 
pulse basis. 

Also, in the above described embodiments, the devices are 
high-intensity LEDs each having a reflection film Such as an 
Au film. However, it is also possible to employ other devices 
Such as power transistors each having a metal film as an 
electrode material Such as a gold, silver, or aluminum film 
formed on the bottom surface thereof. 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

32 
What is claimed is: 
1. A method of dicing a substrate to be processed, a plural 

ity of devices being formed in the substrate, a metal film being 
formed on one surface of the substrate, the method compris 
ing: 

placing the Substrate onto a first stage; 
forming a groove portion in the metal film by removing the 

metal film through a metal processing operation with a 
diamond tool; 

placing the Substrate onto a second stage; 
generating a clock signal; 
emitting a pulse laser beam synchronized with the clock 

signal to the groove portion formed in the metal film; 
moving the Substrate and the pulse laser beam relative to 

each other; 
Switching the pulse laser beam between irradiation and 

non-irradiation of the Substrate on a light pulse basis by 
controlling passing and blocking of the pulse laser beam 
with a pulse picker in synchronization with the clock 
signal; and 

forming cracks in the Substrate, the cracks reaching a Sur 
face of the substrate. 

2. The method according to claim 1, wherein the cracks are 
formed in series in the surface of the substrate, by controlling 
irradiation energy of the pulse laser beam, a processing point 
depth of the pulse laser beam, and lengths of regions irradi 
ated and regions non-irradiated with the pulse laser beam. 

3. The method according to claim 1, wherein the cracks are 
linearly formed in the surface of the substrate. 

4. The method according to claim 1, wherein, after the 
cracks are formed, the substrate is diced with an external 
force. 

5. The method according to claim 1, wherein the metal 
processing operation is performed by one of a planar process 
ing technique and a flycut processing technique. 

6. The method according to claim 1, wherein, in the metal 
processing operation, cutting is performed on the Surface of 
the substrate. 

7. The method according to claim 1, wherein a position of 
the Substrate and an operation start position of the pulse 
picker are synchronized with each other. 

8. The method according to claim 7, wherein the stage is 
moved in synchronization with the clock signal, to move the 
substrate and the pulse laser beam relative to each other. 

9. The method according to claim 1, wherein the substrate 
is a Sapphire Substrate. 

10. A method of dicing a substrate to be processed, a 
plurality of devices being formed in the substrate, a metal film 
being formed on one surface of the substrate, the method 
comprising: 

placing the Substrate onto a first stage; 
removing the metal film through a metal processing opera 

tion with a diamond tool and forming a groove portion in 
the metal film; 

placing the Substrate onto a second stage; 
generating a clock signal; 
emitting a pulse laser beam synchronized with the clock 

signal to the groove portion formed in the metal film; 
applying the pulse laser beam to a Surface of the Substrate 

in a one-dimensional direction with a pulse picker and a 
laser beam scanner, while Switching the pulse laser 
beam between passing and blocking in Synchronization 
with the clock signal; 

after applying the pulse laser beam in the one-dimensional 
direction, moving the stage in a direction perpendicular 
to the one-dimensional direction; 
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further applying the pulse laser beam in the one-dimen 
sional direction in Synchronization with the clock signal; 
and 

forming cracks in the Substrate, the cracks reaching a Sur 
face of the substrate to be processed, 

a processing origin position in each scanning operation 
being corrected by controlling the passing and blocking 
of the pulse laser beam at the pulse picker, based on a 
Scan position signal Supplied from the laser beam scan 

. 

11. The method according to claim 10, wherein movement 
of the second stage in the direction perpendicular to the one 
dimensional direction is controlled, based on the scan posi 
tion signal from the laser beam scanner. 

12. The method according to claim 10, wherein the cracks 
are formed in series in the surface of the substrate, by con 
trolling irradiation energy of the pulse laser beam, a process 
ing point depth of the pulse laser beam, and lengths of regions 
irradiated and regions non-irradiated with the pulse laser 
beam. 
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13. The method according to claim 10, wherein the cracks 

are linearly formed in the surface of the substrate. 
14. The method according to claim 10, wherein, after the 

cracks are formed, the substrate is diced with an external 
force. 

15. The method according to claim 10, wherein the metal 
processing operation is performed by one of a planar process 
ing technique and a flycut processing technique. 

16. The method according to claim 10, wherein, in the 
metal processing operation, cutting is performed on the Sur 
face of the substrate. 

17. The method according to claim 10, wherein a position 
of the Substrate to be processed and an operation start position 
of the pulse picker are synchronized with each other. 

18. The method according to claim 17, wherein the stage is 
moved in synchronization with the clock signal, to move the 
substrate to be processed and the pulse laser beam relative to 
each other. 

19. The method according to claim 10, wherein the sub 
strate is a Sapphire Substrate. 
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